Surface electrode recordings cannot delineate the activation within the human or canine sinoatrial node (SAN) because they are intramural structures. Thus, the site of origin of excitation and conduction pathway(s) within the SAN of these mammals remains unknown. Canine right atrial preparations (nϭ7) were optically mapped. The SAN 3D structure and protein expression were mapped using immunohistochemistry. SAN optical action potentials had diastolic depolarization and multiple upstroke components that corresponded to the separate excitations of the node and surface atrial layers. Pacing-induced SAN exit block eliminated atrial optical action potential components but retained SAN optical action potential components. Excitation originated in the SAN (cycle length, 557Ϯ72 ms) and slowly spread (1.2 to 14 cm/sec) within the SAN, failing to directly excite the crista terminalis and intraatrial septum. After a 49Ϯ22 ms conduction delay within the SAN, excitation reached the atrial myocardium via superior and/or inferior sinoatrial exit pathways 8.8Ϯ3.2 mm from the leading pacemaker site. The ellipsoidal 13.7Ϯ2.8/4.9Ϯ0.6 mm SAN structure was functionally insulated from the atrium. This insulation coincided with connexin43-negative regions at the borders of the node, connective tissue, and coronary arteries. During normal sinus rhythm, the canine SAN is functionally insulated from the surrounding atrial myocardium except for 2 (or more) narrow superior and inferior sinoatrial exit pathways separated by 12.8Ϯ4.1 mm. Conduction failure in these sinoatrial exit pathways leads to SAN exit block and is a modulator of heart rate. (Circ Res. 2009;104:915-923.) 
S inoatrial node (SAN) dysfunction is a common and potentially life-threatening disease. 1, 2 The clinical signs of SAN dysfunction include bradycardia, sinus pauses, sinus arrest, sinus exit block, and reentrant arrhythmias. 3, 4 Although the syndrome may have many causes and commonly affects elderly persons, it usually is idiopathic. 5 Studies of human SAN function are complicated by the inability of epior endocardial mapping to detect the origin and slow propagation of action potentials (APs) within the SAN before it activates adjacent atrial myocardium. 6, 7 Sinus rhythm (SR) is physiologically controlled by autonomic modulation of pacemaker ion channels, 8 calcium handling, 9 and shifts of the leading pacemaker site. 10 -12 Anatomic structure and electrophysiological heterogeneity play important roles in SAN excitation under various conditions. 6 Recently, we investigated activation patterns in the rabbit SAN using optical mapping, 13 which is the only available technology that allows the resolution of simultaneous changes in the activation pattern and AP morphology from multiple sites. In that study, we demonstrated that the rabbit SAN is functionally insulated from the atrial septum. 13 However, the rabbit SAN is essentially a 2D structure 14 in contrast to the 3D structure of the canine 7, 15, 16 and human 17, 18 SANs. Bromberg et al 7 suggested that the canine SAN may be functionally insulated from the surrounding atrial myocytes, except for a limited number of exit sites. The Boineau-Schuessler SAN model 6, 19 hypothesized discrete sinoatrial exit pathways (SEPs), which can explain how the atrial surface activation can be initiated from multiple sites simultaneously, as well as explain the complex conduction within the SAN. However, this hypothesis has not been confirmed with direct experimental measurements because of the intramural location of the SAN structure and the inability of surface electrodes to delineate the activation within the SAN. 7 In the present study, we have extended high-resolution optical mapping 13 to obtain optical AP (OAP) recordings and developed a new analytic approach to resolve the intramural activation pattern of the canine SAN.
Materials and Methods
The protocol was approved by the Washington University Animal Care and Use Committee. The isolated perfused canine right atrium, 12 as well as the experimental techniques, 13 have been previously described in detail.
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org. Figure 1 shows epi-and endocardium photographs and activation maps of a right atrial preparation during normal SR (NSR), reconstructed using the maximum of the first derivative (dV/dt max ) of the OAPs. OAPs attributable to light scattering and attenuation carry information from a depth of 1 to 2 mm. 20, 21 Therefore, OAPs collected from either the epicardium or endocardium contain contributions from the surface and intramural layers, including the SAN, and represent a weighted average of the transmembrane APs throughout the entire canine atrial wall, which is 1 to 2 mm thick.
Results

Functional and Anatomic Definition of the Canine SAN
However, the activation maps in Figure 1 show only the activation of the atrial myocardium and do not reflect the SAN activity because of relatively low amplitudes of the SAN OAP components. The sites of the earliest atrial activation (breakthrough) did not coincide with an anatomically defined SAN. Figure 2A through 2C illustrates the functional and anatomic boundaries of the canine SAN. It was structurally identified by cell morphology, fiber organization, and a lack of connexin (Cx)43 expression. It was defined functionally from OAP morphologies with slow diastolic depolarization and multiple component upstrokes corresponding to different layers of conduction ( Figure 2D ). During NSR, OAP upstrokes contained several components that corresponded to asynchronous activation of several tissue layers, including the SAN and atrial layers. However, during SAN exit block, we recorded OAPs with only 1 upstroke and typical SAN OAP morphology ( Figure  2E ). The lack of atrial excitation permitted the exclusive recording of the SAN OAPs, which coincided with the Cx43-negative region.
As previously shown, 7 we found that the canine SAN artery sweeps cephalad, then bifurcates, forming the medial and lateral boundaries of the SAN. These correlate with conduction blocks from the SAN in the direction of the intraatrial septum (IAS) and crista terminalis (CT), and were consistently observed in all canine preparations (nϭ7). However, we found that not only the arteries themselves, but also connective tissue surrounding the SAN and arteries, electrically insulate the SAN from the atrium. Figure 3 shows the detailed analysis that was used to separate the SAN component from the atrial components in multiphasic OAPs. See also the expanded Materials and Methods section in the online data supplement. Traditional criteria for detecting activation times (50% of the OAP amplitude [AP50%] or dV/dt max ) did not detect SAN activation ( Figure 1 ) because of the relatively small, slow SAN upstroke components in the OAPs ( Figure 2D ). Only by separating the upstroke components was it possible to distinguish SAN activation ( Figure 3 ). The OAPs recorded in the SAN region were separated into the SAN and atrial components using the maximum second derivative (d 2 V/ dt max 2 ) of the signal. Separation of the components allowed for measurement of the dV/dt max , OAP amplitude, and conduction velocity (CV) in individual tissue layers. We also found that AP50% maps more precisely reflected the SAN activation than the dV/dt max map because of effects of noise on the dV/dt max during the slow SAN upstroke. 7, 14 AP amplitude of each component was measured as the difference between the minimum and maximum fluorescence in this component. In most cases, the amplitude of the SAN component of the OAP was less than the atrial, because of light attenuation and scattering during propagation from deeper SAN structures. The slope of the slow diastolic depolarization (SDD) was determined by calculating the slope of a linear fit during SDD and normalizing it to the OAP amplitude. CV maps for each SAN and atrial layer were separately made by calculating the difference in activation times as determined by the AP50% of the SAN and atrial components. 13, 22 
Mechanism of Multifocal Atrial Activation During NSR
The sinus cycle length (CL) ranged from 427 to 812 ms during control conditions. Blebbistatin did not significantly change CL (479Ϯ73 versus 499Ϯ76 ms, or 127Ϯ16 versus 122Ϯ15 bpm) or atrial effective refractory period (138Ϯ18 versus 140Ϯ8 ms, Pϭ0.83). Staining with di-4-ANEPPS induced a transient (10 to 20 minutes) 58Ϯ28 ms CL increase. The site of the leading pacemaker remained stable for 3 to 5 hours. Changes in the CL were Ͻ30 ms/h and were similar to results seen in the work of Bleeker et al 14 and Bromberg et al. 7 In control conditions, most SAN preparations (5 of 7) had a superior origin of atrial activation ( Figure 1 ). However, following 1 to 5 minutes of overdrive atrial pacing, inferior and/or multifocal types of patterns of the origin of excitation were observed in all preparations from at least from 1 surface: epi-or endocardial. Figure 4 shows 2 endocardial activation patterns, which were recorded before and after 5 minutes of pacing. Before pacing, the atrial activation pattern was bifocal, originating from the superior SEP. Atrial pacing slowed conduction in the superior SEP and the pacemaker shifted 2 mm inferiorly, reaching the inferior SEP faster than the superior with a corresponding change in the atrial activation pattern. Inferior breakthrough abruptly switched to superior breakthrough within 1 minute after pacing was stopped.
In all SAN preparations (nϭ7), epi-and endocardial optical mapping revealed 2 main atrial breakthrough sites superior and inferior to the node, separated by 20.9Ϯ3.1 mm ( Figure 4 ). Atrial breakthrough was 49Ϯ22 ms after the earliest SAN activation, 8.8Ϯ3.2 mm superior or inferior to the site of the earliest activation within the SAN. Excitation originated from this region, slowly spread (2 to 14 cm/sec) along the SAN parallel to the CT before exiting, and failed to conduct in a perpendicular direction into the IAS and the CT. The conduction delay between the SAN and IAS was attributable to a lateral conduction block, similar to the rabbit SAN. 13 Unlike the rabbit SAN, the canine SAN failed to directly excite the CT. The block correlated anatomically with the location of the SAN arteries. The areas of block lateral to the SAN (17Ϯ2 mm) completely insulated the SAN from the atrial myocardium except for 2 to 3 superior and inferior SEPs separated by 12.8Ϯ4.1 mm (nϭ7), which were observed with both epicardial and endocardial mapping ( Figure 4 ).
Conduction Properties of SAN
Under control conditions, CV within 2 to 3 mm of the leading pacemaker site (nϭ5) was 8.9Ϯ3.1 and 8.6Ϯ3.2 cm/sec in the superior and inferior directions, respectively; 4.6Ϯ2.0 cm/sec in the lateral direction toward the CT; and 2.7Ϯ1.6 cm/sec medially toward the septum ( Figure 5A and 5B). Conduction significantly slowed as it spread within the SAN and blocked in the lateral directions.
In 4 SAN preparations, atrial pacing not only induced a shift of the dominant pacemaker and changed the atrial activation pattern but also caused transient SAN exit block, which lasted for several seconds in 2 SANs. Figure 5C illustrates such exit block. Before pacing, excitation originated in the top third of the SAN, propagated through the superior exit pathway, and 87 ms later, excited the atrium, thereby producing a bifocal atrial activation pattern. Pacing- induced uncoupling of the SAN from the atrial myocardium induced a pacemaker shift of 2 mm inferiorly and transiently decreased CL (589 versus 561 ms). The leading pacemaker sites were approximately 1 mm from the area that demonstrated the maximum SDD in both maps. The maximum dV/dt max of the SAN OAPs were at least 6 times less than the atrial component of OAPs upstroke. Figure 6 shows transient SAN exit block following 10 minutes of pacing. OAP tracings demonstrate slow, small amplitude signals, which reflect only SAN APs without an atrial component. This SAN wave originated near the same site observed before pacing but was blocked superiorly and slowly propagated to the inferior aspect of the SAN. However, the second SAN activation exited from both SEPs and simultaneously excited the CT with a sinoatrial conduction time of 107 ms. During 1 minute of SR, sinoatrial conduction time and CL recovered to control values of 47 and 789 ms, respectively.
Both Figures 5C and 6C illustrate decremental conduction from the leading pacemaker site to the terminal parts of the SAN. These observations were consistent in all preparations (nϭ4) in which SAN exit block was observed.
Immunofluorescence Labeling
The SAN previously has been identified as a Cx43-negative region. 13, 15, 23, 24 Therefore, we used a lack of Cx43 to identify the SAN. Four SAN preparations were sectioned parallel to the epicardium (Figure 2B and 2C) and 1 was sectioned perpendicular to the CT (Figure 7 ). Sections were labeled by immunofluorescence for Cx43, ␣-actinin, and vimentin ( Figure 7 and Figure I in the online data supplement). Following optical mapping, 0.3-mm pins were inserted around the SAN to precisely register optical mapping with histology data. Figures 2 and 7 show parallel and perpendicular immunolabeled sections, which clearly demonstrate that the functionally defined SAN corresponds to the Cx43-negative area. The Cx43-negative tissue was located in the intercaval region and ended at the epicardial surface near the superior SEP and endocardial surface near inferior SEP, which were determined by optical mapping and histology (Figures 2 through 7 and supplemental Table II ). In addition, there were generally increased ratios of fibroblasts to cardiomyocytes in the SAN as compared to the CT and IAS, as shown by the vimentin to ␣-actinin density ratios (supplemental Figure I and Table III ). Cx43-positive bundles were also found in the SAN periphery at the endocardial and epicardial CT surfaces. See supplemental Figure II for Cx43 density in the superior, central, and inferior areas of the SAN at 5 transmural layers from 4 preparations. SEPs appear as narrow (200 to 400 m) muscular bundles, which contain both Cx43 positive and negative transitional cells (Figures 2 and 7) . These bundles merge with the larger muscular bundles of the CT. Figure 8 shows a 3D model of the canine SAN, which is based on electrophysiological, histological, and immunohistochemical data. Coronary arteries are landmarks of the canine SAN. The SAN and these arteries are sandwiched within epi-and endocardial atrial layers that thicken near the CT. The structural data suggest that the SAN connects with these atrial layers at an oblique angle between the superior and inferior SEPs. The SAN was almost entirely encapsulated in fibrotic tissue except for these pathways.
Discussion
In the present study, we have demonstrated that the canine SAN is a specialized structure that is anatomically and functionally isolated from the atrial myocardium (CT and IAS) except for 2 (or more) superior and inferior SEPs. This insulation is composed of the SAN arteries and connective tissue, which creates an extended conduction block zone around the SAN. This insulation isolates the weak SAN current source from the significant resistive load of the adjacent atrium. 25 Multiple SEPs explain why, during NSR, atrial breakthroughs can arise from a region (20.9Ϯ3.1 mm) along the CT that is larger than the area of the anatomic SAN (13.7Ϯ2.8 mm). We also found that in this experimental model that 5 to 15 minutes of atrial pacing can induce transient (Ͻ5 seconds) SAN exit block and slowing of pacemaker activity, thus modulating heart rate.
Structural and Functional Characteristics of the Canine SAN
The present study extends a methodological approach, introduced earlier in the rabbit SAN, 13 that allows structure/ function mapping of the SAN in a large mammalian species.
Optical mapping is a powerful methodology, which simultaneously resolves the activation pattern and AP morphology of the SAN. We also introduced a novel excitation-contraction uncoupler Blebbistatin, 26 which now can be used in the canine heart.
In a previous study, we demonstrated in the rabbit that the entire region located between the superior and inferior vena cava and between the CT and the IAS contains pacemaker tissue, which is electrically uncoupled from the IAS by a block zone. 13 The heterogeneous expression of connexins and other proteins determines the location of the leading pacemaker site under various physiological conditions. We found that the IAS block zone in the rabbit plays an important role protecting the function of the SAN from hyperpolarization of the atrium but can also contribute to atrial reentrant arrhythmias. 13, 27, 28 Although the rabbit SAN is a convenient model for in vitro studies, because of its size and thickness (100 to 300 m), the paucity of connective tissue, and the viability of a superfused preparation, 13, 14 it lacks the complexity of the 3D human SAN. The canine SAN is, however, histologically and functionally similar to the human SAN. 17 Additionally, optical recordings from the canine SAN are significantly more complicated than the rabbit SAN because of its complex 3D structure. In the present study, we show for the first time direct mapping of conduction inside the canine SAN and in the atrium.
Our observations support the main hypothesis of the Boineau-Schuessler model of the SAN. 6, 19 In addition, we present evidence for the presence of specialized narrow (Ϸ300 m) SEPs (Figures 2 through 7) . Estimation of the CVs within 2 to 3 mm of the leading pacemaker site in the 5 preparations shows values of 1.2 to 14 cm/sec with an anisotropy ratio of 3.8Ϯ0.8 ( Figure 5 ). The CV could be slowed down to 2 cm/sec in the SEPs. This slowing is likely attributable to source-sink mismatch when excitation passes through the narrow exit pathways, as was shown in cell culture. 25 We conclude that in our experimental model, multifocal atrial activation patterns do not originate from multiple simultaneous pacemakers, but rather correspond to a single leading pacemaker site within the SAN and the simultaneous atrial excitation from the 2 or more SEPs.
SAN Exit Block
Sick sinus syndrome is characterized by sinus bradycardia, exit block from the SAN, or cardiac arrest. Different etiologies have been suggested as causes of sick sinus syndrome with and without cardiovascular disease. 1, 5, 29 It has been shown in the dog 30, 31 and human 32,33 that fast atrial rhythm attributable to arrhythmias or pacing can significantly increase SAN recovery time. However, it was impossible to recognize exit block from SAN arrest because of the inability to directly assess SAN electric activity. Thus, because of exit block, estimation of SAN recovery time using only atrial electrograms is not a reliable estimate of recovery of SAN intrinsic activity. Our data showed that atrial pacing induced SAN dysfunction attributable to exit block ( Figures 5 and 6) , which is consistent with clinical evidence. [31] [32] [33] [34] Two general hypotheses of pacing-induced SAN dysfunction have been proposed 34 : (1) suppression is caused by release of neurotransmitters; and (2) overdrive pacing directly disrupts ionic mechanisms of the pacemaker automaticity. It is well known that atrial overdrive pacing does result in a release of autonomic neurotransmitters, presumably acetylcholine (ACh). 35, 36 Vagal stimulation or ACh administration does prolong SAN recovery. 13, 37 Our data are consistent with the ACh hypothesis, 38 because release of ACh could induce exit block from SAN. 28 It is also likely that the mechanism of SAN exit block may also be related to short-term (Ͻ1 minute) changes in properties of atrial tissue near the exit pathways attributable to changes in extracellular potassium, intracellular calcium, and phosphorylation states of some proteins induced by rapid pacing.
Study Limitations
Duration of optical recordings is limited because of washout of the dye and/or photobleaching. 39 Use of optical Figure 6 . Pacing-induced exit conduction block from SAN. A, Photograph of the preparation with OFV of 36ϫ36 mm. The beginning of the activation sequence during SR in control is shown by a dark blue oval. In all images, the gray arrows symbolize the SEPs from the SAN to the CT. SVC and IVC indicate superior and inferior vena cava, respectively; RAA, right atrial appendage. B, OAPs from 3 recording sites shown in the activation maps (C) following the termination of atrial pacing with an S1S1ϭ 300 ms and recovery of spontaneous SAN activity. OAPs recordings from the SAN region demonstrate a small region of slow activation (C, middle) from the pacemaker layer without any atrial component. The sinoatrial conduction time (SACT) is 107 ms. C, Activation maps during atrial pacing, first and second spontaneous SAN excitations after termination of pacing. The first SAN excitation after pacing was stopped showed slow propagation, with an average CV of 1.8 cm/sec from the head to tail of the SAN body. This activation did not excite the atrial myocardium. The black dotted line shows conduction block to the IAS, which is correlated with one of the SAN artery branches near the IAS. See text for details. mapping required application of Blebbistatin, which had been previously applied in rat and rabbit models 26 and human heart. 40 However, it is possible that suppression of mechanical contractions by Blebbistatin prevented activation of stretch-activated channels, which can play a role in pacemaker activity of SAN. 41, 42 We also cannot exclude the potential influence of edema that may develop in a mechanically silent preparation and thus may affect SAN activity. Moreover, staining with di-4-ANEPPS, as in our previous study of the in the rabbit SAN, 13 may cause a transient effect on pacemaking and conduction properties of the canine SAN. However, our observation of pacinginduced SAN dysfunction is in agreement with several clinical observations. 30, 34, 35 
Conclusion
The present study demonstrates functional insulation of the canine SAN from the atria, except for the 2 (or more) superior and inferior SEPs. These pathways are important in the modulation of SR in health and disease.
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